One of the major challenges in implementing integrated pest management (IPM) strategies has been the integration of biological and chemical control. Although biological control offers environmentally friendly and sustainable solutions to a variety of insect pest problems, plant protection is hard to perform without any chemical control. The use of insecticides with low toxicity to native natural enemies, such as parasitoids, has been advocated to enhance the compatibility of the two control methods. Moreover, the use of beneficial natural enemies decreases the frequency of insecticide spraying.
Introduction
One of the major challenges in implementing integrated pest management (IPM) strategies has been the integration of biological and chemical control. Although biological control offers environmentally friendly and sustainable solutions to a variety of insect pest problems, plant protection is hard to perform without any chemical control. The use of insecticides with low toxicity to native natural enemies, such as parasitoids, has been advocated to enhance the compatibility of the two control methods. Moreover, the use of beneficial natural enemies decreases the frequency of insecticide spraying. 1) The combination of parasitoids as a natural enemy and insecticides is the most effective method for controlling populations of the cruciferous crop pest, the diamondback moth (DBM) (Plutella xylostella (L.), Lepidoptera: Plutellide) and suppressing the development of insecticide resistance. [2] [3] [4] [5] It is important to evaluate the effect of an insecticide on the development of parasitoid larvae by the combined application of parasitoids and insecticides. Such an approach determines the suitability of an insecticide while taking advantage of natural enemies, and is particularly important for determining the most suitable timing for the mass release of parasitoids 6) or spraying insecticides.
It is generally considered that insecticides suppress the activities of natural insect enemies strongly in fields where insecticides are sprayed frequently. 7) There have been many reports about the effects of insecticides on the behavioral activities of parasitoids [8] [9] [10] [11] ; however, these reports are restricted to investigating the adult stage of parasitoids, and few reports have investigated the effect of insecticide on a parasitoid egg This study clarified the difference in sensitivity of lepidopteran host larvae parasitized by a gregarious endoparasitoid Cotesia kariyai and a solitary endoparasitoid Meteorus pulchricornis to four insecticides, fenitrothion, cypermethrin, pyriproxyfen and pyridalyl, along with the growth and development of each parasitoid. It is well known that the physiological state of the host is regulated by endoparasitoid after parasitization. It was predicted from our previous report that the detoxification ability of the parasitized hosts was changed by parasitization. The effect of four insecticides on the growth and development of two parasitoids was examined with LD 50 or LD 95 values of unparasitized hosts. Fenitrothion and cypermethrin had an effect on the growth and development of host larvae parasitized by C. kariyai, but in M. pulchricornis caused low mortality on day 3 and later after parasitization. Pyriproxyfen had no effect on the growth and development of C. kariyai, but inhibited the adult eclosion of M. pulchricornis even when the parasitized hosts were treated with 50 ppm (less than LD 10 to unparasitized hosts). Paraffin sections revealed developmental malformations in the abdomen during the pupal stage of M. pulchricornis endoparasitoid. Pyridalyl had a strong effect on larval emergence of C. kariyai from the host during early stages (until day 7 postparasitization), because parasitoid larvae did not grow as lepidopteran larvae became motionless after pyridalyl treatment and could not eat. On the other hand, pyridalyl at LD 50 has a little effect on larval emergence and adult eclosion of M. pulchricornis. Gregarious and solitary endoparasitoids showed different sensitivity to four individual insecticides. © Pesticide Science Society of Japan and larva via the pest host. Natural enemies, such as endoparasitoids, have important functions in reducing the density of a pest population in a field. It is already known that endoparasitoids alter the physiological state of their hosts by both venom and/or injecting a polydnavirus with the eggs during oviposition, depressing the development of their parasitized hosts. 12) Furthermore, Takeda et al. 13) reported that the parasitized host P. xylostella had low sensitivity to the organophosphate insecticide diazinon compared to unparasitized hosts. This encouraged us to predict that the insecticide sensitivity of the parasitized host will be different from that of the unparasitized host. It is important to determine the effective concentration of an insecticide on the pest following parasitization, and we aimed to evaluate the exact effect of an insecticide for enhancing the compatibility of biological and chemical controls.
In this study, we used a system consisting of the insect host Pseudaletia separata (Walker) (Lepidoptera: Noctuidae), two types of larval endoparasitoids, the gregarious Cotesia kariyai (Watanabe), and solitary Meteorus pulchricornis (Wesmael) (Hymenoptera: Braconidae), and four types of insecticides. The system was designed to clarify the effects of the insecticides, via the host, on the emergence rate of the parasitoid from the host and the adult eclosion rate. The four insecticides were fenitrothion (an organophosphate), cypermethrin (a pyrethroid), pyriproxyfen (juvenile hormone mimic) and pyridalyl (2,6-dichloro-4-(3,3-dichloroallyloxy) phenyl 3-[5(trifluoromethyl)-2-pyridyloxy] propyl ether). Both parasitoids grow in each host hemocoel during the egg and larval stages after oviposition, emerged from the host, and eclosed from cocoons several days later. The two endoparasitoids were selected because it was predicted that solitary endoparasitoids depress host growth and development and regulate the host differently to gregarious endoparasitoids.
Materials and Methods

Parasitoids and host
The gregarious larval endoparasitoid, C. kariyai (Watanabe) can successfully parasitize P. separata host larvae from the 2nd to final (6th) instar stages. 14) This parasitoid was maintained using P. separata (Walker) as the host under laboratory conditions (long-day photo regime 16 h light : 8 h dark, 25Ϯ1°C). Wasps were initially obtained from collections in corn fields in Kanoya, Kagoshima Prefecture, Japan, and had emerged from P. separata. Meteorus pulchricornis (Wesmael) (Braconidae: Hymenoptera) was obtained in 2004 from the common cutworm Spodoptera litura (Fabricius) (Noctuidae: Lepidoptera) collected in cabbage fields in Nagakute, Aichi Prefecture. It is a parthenogenetic strain (Nagakute strain), 15) although its reproductive mechanism is not yet clear. It was maintained using P. separata as the host under laboratory conditions, but has a wide host range. 16) C. kariyai and M. pulchricornis adult wasps were fed a 10-15% sugar solution absorbed in a piece of cotton, and were kept for 1 day and 1 week, respectively, after adult eclosion to enhance ovipositional activity until used in the experiments. Parasitization was performed carefully to avoid superparasitism. Parasitization of C. kariyai and M. pulchricornis was performed on D1L4 and D0L4 hosts, respectively. Unparasitized and parasitized P. separata hosts were reared on an artificial diet (IN-SECTA-LF; Nihon Nohsan Co., Ltd., Kanagawa).
Sensitivity of parasitized and unparasitized host larvae to insecticides
Four insecticides, fenitrothion (96.8% purity), cypermethrin (98.6% purity), pyriproxyfen (99% purity), and pyridalyl (2,6-dichloro-4-(3,3-dichloroallyloxy)phenyl 3-[5(trifluoromethyl)-2-pyridyloxy]propyl ether; 94.5% purity) (Sumitomo Chemical Co., Ltd.) were diluted with acetone to make various concentration, and 2.5 ml was separately applied topically to each host larva. Four to 7 replications were performed (30 individuals for each) for each concentration of each insecticide. Mortality was determined at 48 h following application of fenitrothion and cypermethrin. For pyriproxyfen and pyridalyl treatments, observations were made of the failure of pupation in unparasitized hosts and of larval emergence from parasitized host larvae. The LD 50 (median lethal dose) value of unparasitized and parasitized hosts was calculated with Probit analysis. 17) It was predicted that the sensitivity of C. kariyai-parasitized hosts to each insecticide would differ with parasitoid development following parasitization because C. kariyai-parasitized hosts continued to grow after parasitization. 18) Weight gain was measured with an analytical balance (Mettler, resolutionϭ0.0001). After parasitization of D1L4 hosts, the LD 50 of the host was determined for each insecticide treatment 2, 5 and 8 days after parasitization.
Based on the result that the LD 95 of pyriproxyfen had no effect on the growth and development of C. kariyai, host larvae parasitized by C. kariyai were treated with a higher concentration of pyriproxyfen, to examine whether pyriproxyfen affected the oviposition ability of wasps that emerged from treated hosts. C. kariyai wasps that emerged with 2-day delay from the treated parasitized host larvae (12 days after parasitization) were forced to parasitize D1L4 hosts after copulation. The effect of pyriproxyfen on progeny adult eclosion was examined by the number of adult wasps that eclosed from cocoons.
Based on the result that pyridalyl treatment made defective cocoons, 8-d parasitized hosts treated with pyridalyl were dissected under a microscope to count the number of parasitoid larvae remaining inside the host and the number of dead parasitoid pupae in the cocoon.
In the case of M. pulchricornis, the LD 50 value was obtained only in L4 larvae of unparasitized hosts. The concentration of the four insecticides used each developmental day after parasitization was adjusted according to the LD 50 of the D1L4 unparasitized host.
To clarify the effect of four insecticides on the next generation, M. pulchricornis wasps that emerged from hosts treated with one of the four insecticides were released into a lidded plastic cup (250 ml), containing a cotton pad absorbed with a 15-20% sugar solution, 20 D1L3 hosts and a small piece of artificial diet, for 24 h to examine the parasitization rate and number of adult wasps that eclosed.
Morphology of M. pulchricornis pupae treated with pyriproxyfen
No adult eclosion was observed in cocoons that emerged from hosts treated with pyriproxyfen, including treatment with the LD 10 concentration. To clarify why M. pulchricornis pupae could not emerge as adults, pupae were removed from cocoons at every stage after larval emergence, fixed with Carnoy's solution (alcohol : chloroform : acetic acid, 6 : 3 : 1), dehydrated in a series of ethanol solutions and embedded in paraffin. The paraffin tissue sections were stained with Mayer's hematoxylin and 1% eosin Y solution, 20) and observed with light microscopy.
Results
Growth and development of two endoparasitoids
The weight gain of host larvae parasitized by C. kariyai was similar to that of unparasitized hosts (Fig. 1A) . C. kariyai emerged from parasitized hosts about 10 d after parasitization, made cocoons, and eclosed from their cocoon 5 d after cocoon formation.
Parasitization by M. pulchricornis inhibited weight gain in the host larvae (Fig. 1B) . The developmental duration was 8 days when L4 hosts were parasitized. 19) 
Effect of each insecticide on growth and development of endoparasitoids 2.1. Fenitrothion and cypermethrin
2.1.1. Cotesia kariyai Parasitized hosts showed a lower LD 50 value than that of unparasitized hosts on all days after parasitization, except when the hosts were treated with cypermethrin 5 d after parasitization (Table 1) . These results indicate that the sensitivity of hosts to the insecticide was elevated when parasitized by the gregarious parasitoid.
Meteorus pulchricornis
Parasitized hosts treated with fenitrothion showed low mortality on day 2 and later after parasitization, but on day 3 and later with cypermethrin (Fig. 2) . The adult eclosion rate from parasitized hosts treated with fenitrothion was depressed to less than half (Table 2) . Cypermethrin treatment produced a higher adult eclosion rate on day 4 and later after parasitization (Table 2) ; however, adult wasps emerged from treated hosts with fenitrothion (nϭ22, 14.5Ϯ5.2 per twenty D1L3 host larvae released in a lidded plastic cup) or cypermethrin (nϭ26, 11.9Ϯ5.5) and successfully parasitized D0L4 host larvae for 24 h with no significant difference from that of untreated hosts (nϭ20, 12.3Ϯ5.1) (one way ANOVA, F 2,65 ϭ1.60, pϭ0.2101).
Pyriproxyfen 2.2.1. C. kariyai
The LD 50 value in parasitized hosts was much higher than that of unparasitized hosts ( Table 1 ), indicating that pyriproxyfen has no effect on the growth and development of C. kariyai. Further, to clarify the toxicity of pyriproxyfen on the growth and development of the parasitoid, parasitized hosts were treated with about a 30-fold higher concentration than LD 95 (327 ppm). Treatment with a high concentration (10,000 ppm) delayed parasitoid wasp emergence until 2 days later than in untreated hosts. Parasitization without insecticide treatment produced a peak in larval emergence at 10 d after parasitization (Fig. 3) ; however, female wasps that emerged from hosts treated at high concentration produced almost the same number of progeny wasps as that of the untreated control (nϭ34, 58.6Ϯ20. (Table 2) ; however, no adult wasp emerged from the formed cocoons (Table 2) . Even when parasitized hosts were treated with 50 ppm (less than LD 10 to unparasitized hosts), no adult wasp emerged from cocoons post-emergence from hosts treated with pyriproxyfen. To determine developmental malformations during the pupal stage of the parasitoid, each pupa was removed from its cocoon and observed. Parasitoid pupae at day 4 or later after emergence had a different abdomen from untreated control pupae (Fig. 4) . Paraffin sectioning revealed that the midgut of parasitoid pupae from treated hosts was rudimentary and contained active cells, whereas the midgut was well developed and contained digested substances in untreated control pupae ( Fig. 4 ; D4-C and D4-T). On day 5 after larval emergence ( Fig. 4 ; D5-C and D5-T), pupae of treated hosts had a lot of content in the midgut and had attached larval tissues on the tip of the abdomen, whereas control pupae had developed ovaries. The abdomen of parasitoid pupae 7 days after emergence showed a similar morphological state in the abdomen, whereas normal parasitoid pupae eclosed as adults 6 days after emergence. Paraffin sections, along with pupal development, revealed that ovaries and Number in each cell except 1st column show actual number.
c)
Parenthesis means percentage of hosts in which parasitoid larva emerged against the number of examined hosts.
d)
Parenthesis means percentage of adult eclosion against the number of examined hosts.
e)
87.9% adult eclosion was observed in untreated hosts (nϭ258).
Fig. 2. Mortality of hosts parasitized by M. pulchricornis
when host larvae were treated with the LD 50 value of fenitrothion or cypermethrin or pyridalyl on different days after parasitization. Parasitized hosts stayed on L5, although unparasitized control larvae ecdysed to L6 (last instar). midgut cells were poorly developed in pupae derived from treated hosts ( Fig. 4 ; D4-T, D5-T, D8-T)). Normal pupae developed ovaries on day 4 after emergence ( Fig. 4 ; D5-C). However, when hosts were treated with LD 50 (246 ppm) of pyriproxyfen at 1 and 2 days before parasitization, the adult eclosion rate of M. pulchricornis was 88.2% (nϭ17) and 80.0% (nϭ20), respectively. These rates are not significantly different to those of the untreated control at 87.9% (nϭ258, pϾ0.05, Student's t-test after arc-sin transformation), showing that parasitization was successful when M. pulchricornis parasitized the host larvae treated with pyriproxyfen.
Pyridalyl 2.3.1. C. kariyai
Unparasitized and parasitized hosts became motionless after treatment with pyridalyl. No parasitoid larvae emerged from motionless host larvae treated during the early stages postparasitization. C. kariyai parasitoid larvae could emerge from motionless parasitized hosts on 8 d and 9 d after parasitization, but the emerged parasitoid larvae failed to form a normal cocoon cluster. Parasitized hosts normally were immobile just before the emergence of parasitoid larvae and during parasitoid emergence, and started to move after the completion of parasitoid emergence. 21) Parasitoid larvae can form a single cocoon cluster throughout the process; however, parasitoid larvae that emerged from hosts treated with pyridalyl failed to make a cocoon cluster because the treated hosts could not move. On 8 d and 9 d after parasitization, C. kariyai parasitoid larvae emerged from more than 80% of parasitized hosts that were treated with 100 ppm or 1,000 ppm of pyridalyl, and spun their cocoons (Fig. 5) . LD 50 value of parasitized hosts was 2,096 ppm at 8 d post-parasitization (Table 1) . Although parasitoid larvae emerged successfully from over 80% parasitized hosts, it is not clear whether all parasitoid larvae emerged from inside the host body successfully. Pyridalyl treatment of 8-d parasitized hosts caused some parasitoid larvae to stay in their hosts, and dead pupae were observed inside their cocoon (Table 3) ; however, 9-d parasitized hosts treated with pyridalyl showed no difference from untreated parasitized hosts (Fig. 5) .
Further to reconfirming the effect of pyridalyl treatment on adult eclosion, 8-d parasitized hosts were treated with pyridalyl. Adult eclosion was inhibited at 100 ppm or 1,000 ppm (nϭ22, 68.8Ϯ22.1 in control; nϭ23, 24.3Ϯ19.3 at 100 ppm; nϭ9, 35.1Ϯ23.4 at 1,000 ppm, one way ANOVA, F 2,51 ϭ 25.87, pϽ0.01).
M. pulchricornis
Death of larvae 1 day after parasitization was caused by failed ecdysis, because parasitized hosts ecdysed the same day as unparasitized hosts after pyridalyl treatment. Host larvae treated with pyridalyl on day 2 and later after parasitization showed low mortality compared to unparasitized host larvae (Fig. 2) .
The emergence rate of parasitoid larvae from host larvae treated with LD 50 values on day 2 and later after parasitization was just over 75% (Table 2) ; however, treatment of LD 95 (1.9 ppm) resulted in a slightly lower rate of larval emergence and adult eclosion, indicating that pyridalyl on LD 95 (1.92 ppm) has little effect on parasitoid development. It was also examined whether 100 ppm concentration affected parasitoid development. This concentration had a lower LD 95 value in unparasitized hosts during the last stage (L6) or on hosts parasitized by C. kariyai (unpublished data, see Table 1 ). This suggests that both parasitoids are present in fields. These larvae successfully emerged from the hosts only on days 6 and 7 after parasitization; 50% of parasitoid larvae at day 6 after parasitization, and 75% at day 7 emerged successfully from motionless hosts. Successful parasitization of these parasitoid wasps for 24 h (6D; nϭ21, 4.6Ϯ6.1, 7D; nϭ24, 8.8Ϯ6.4) was significantly lower than that of the untreated control (nϭ20, Vol. 35, No. 1, 1-9 (2010) Different responses of Meteorus pulchricornis and Cotesia kariyai to four insecticides 7
Fig. 5.
Emergence rate of C. kariyai parasitoid larvae from hosts treated with 100 ppm or 1,000 ppm of pyridalyl each day after parasitization. White bar: control; dark gray bar: treatment with 100 ppm; light gray bar: 1,000 ppm of pyridalyl each day after parasitization. 
Discussion
Fenitrothion and cypermethrin killed parasitized hosts at a lower concentration than that of unparasitized hosts in the gregarious parasitoid C. kariyai-P. separata association. Growth and development were controlled in parasitized hosts and weight gain was inhibited. The depression of weight gain could disturb the increase in fat body mass. 22 ) Detoxification of insecticides is related strongly with fat body function. Further, almost all fat bodies in host larvae parasitized by C. kariyai disappeared through consumption by parasitoid larvae at day 8 and later post-parasitization 22, 23) ; on the other hand, fat bodies in host larvae parasitized by solitary endoparasitoid M. pulchricornis were not consumed. 19) No residual amount of host fat body in case of C. kariyai parasitization explains the low LD 50 value of the host at day 8 post-parasitization when treated with fenitrothion or cypermethrin. Conversely, hosts parasitized by M. pulchricornis showed lower sensitivity than that of unparasitized hosts with fenitrothion and cypermethrin treatments, suggesting that parasitization may enhance detoxification activity. This resembles that of the C. plutellae-P. xylostella association. 13) Thus, the solitary endoparasitoid did not consume the whole fat body of parasitized hosts and the detoxifying enzyme activity, such as of P450 monooxygenase or glutathione-S-transferase of the host, 13) is enhanced by the parasitoid. The different sensitivities of the parasitized hosts to fenitrothion and cypermethrin could depend on the degree to which fat bodies are consumed. If solitary endoparasitoids are used as one factor to control the density of pest insects in crop fields, these results suggest that fenitrothion or cypermethrin could also be used for pest control in the presence of endoparasitoids.
Pyriproxyfen has an insecticidal characteristic that inhibits both pupation and adult eclosion in Lepidoptera, and seems to have less effect on parasitoid or bee Hymenoptera. However, developing parasitoid larvae were affected inside the host body indirectly and, as a result, pupation occurred after emergence from the host. In this experiment, metamorphosis of the abdomen during the pupal state was inhibited, even at less than LD 10 , but adult eclosion in C. kariyai was not inhibited, even at a high concentration of pyriproxyfen. On the other hand, in M. pulchricornis, LD 50 treatment 1 d before oviposition increased the adult eclosion rate to more than 80%. This suggests that pyriproxyfen penetrated the hemocoel and affected parasitoid larvae directly. In Spodoptera litura, about a 3% concentration (1ϫ10 5 dpm) of 14 C pyriproxyfen applied topically to the larval body surface was detected in hemolymph (about 3ϫ10 3 dpm) after 6 h, but decreased until one third level 24 h later and continued to be maintained at the almost same level until 96 h after application (T. Suzuki, personal communication). Shimada et al. 24) reported that for Bombyx mori, pyriproxyfen reaches a peak concentration in the hemolymph 6 h after topical application and decreases to a low level 24 h later. These findings suggest that pyriproxyfen is absorbed into the hemolymph in developing parasitoid larvae and affects pupal development of the parasitoid. Morphological analysis revealed developmental malformation of the parasitoid abdomen. Riddiford and Ashburner 25) reported that in Drosophila melanogaster, dietary methoprene caused mosaic pharate adults with a normal head and thorax but without abdominal development. Application of juvenile hormone analogue methoprene to day 4 parasitized fifth instar of Manduca sexta host either delayed or totally suppressed the subsequent emergence of Cotesia congregata gregarious endoparasitoid, although it was at a high dosage. 26) Further, topical application of pyriproxyfen to the last instar of solitary endoparasitoid Hyposoter didymator, which was about to emerge from Spodoptera littoralis host larva, reduced the rate of pupae formation, pupal mortality and adult longevity of this wasp. 27) This suggests that pyriproxyfen absorbed into parasitoid larvae through host hemolymph works in the same way as methoprene and causes mosaic pharate adults, although there is no information about the metabolism of methoprene in the parasitized host. However, this does not explain why, in this study, the gregarious parasitoid had low sensitivity, but the solitary parasitoid had high sensitivity. It is probable that gregarious parasitoid larvae elevated enzyme activity to disable pyriproxyfen, because a very high LD 50 value was shown. especially 2-d after parasitization in contrast with a low LD 50 value in the other three insecticides on the same day after parasitization.
Pyridalyl has very high selective toxicity against lepidopteran pests and is considered one of the most effective insecticides in IPM. 28) Lepidopteran larvae are rendered motionless after treatment, which causes muscle relaxation. C. kariyai can emerge from their motionless hosts treated with pyridalyl at 8 and 9 d post-parasitization. Parasitoid larvae 2 d before emergence obtain all of their nutritional needs from the host fat body 22) ; however, treatments 8 d post-parasitization made some parasitoid larvae stay inside the host hemocoel and reduced the rate of adult eclosion in C. kariyai, which could have been caused by a damaged cocoon. On the other hand, M. pulchricornis larvae emerged from more than 75% of parasitized hosts and reached an adult eclosion rate of over 60% after 2 d post-parasitization except 1 d after treatment. The low mortality of the treated host may be caused by physiological change of the parasitized host. These results show that parasitoid larvae inside their hosts or parasitoid factors injected in the host hemocoel at the time of oviposition, such as venom or polydnavirus, seem to assist in the detoxification of pyridalyl in the case of a solitary endoparasitoid. 13) However, a high concentration of 100 ppm had a strong effect on the ovipositional ability of M. pulchricornis progeny wasps when predicting unparasitized hosts of the last stage in fields.
Parasitoids appear to maintain a low density of their host population, such as following outbreaks of P. separata in corn or rice fields. 29) It is necessary to clarify the different effects of insecticides on eggs and larvae of parasitoids to determine the most effective use of parasitoids to regulate pest population density and depress insecticide resistance levels in a pest population.
